Labeling of a covalently closed circular double-stranded DNA was achieved using a so-called 'padlock oligonucleotide'. The oligonucleotide was targeted to a sequence which is present in the replication origin of phage f1 and thus in numerous commonly used plasmids. After winding around the double-stranded target DNA sequence by ligand-induced triple helix formation, a biotinylated oligonucleotide was circularized using T4 DNA ligase and in this way became catenated to the plasmid. A gel shift assay was developed to measure the extent of plasmid modification by the padlock oligonucleotide. A similar assay showed that a modified supercoiled plasmid was capable of binding one streptavidin molecule thanks to the biotinylated oligonucleotide and that this binding was quantitative. The catenated complex was visualized by electron and atomic force microscopies using streptavidin conjugates or single strand-binding proteins as protein tags for the padlock oligonucleotide. This method provides a versatile tool for plasmid functionalization which offers new perspectives in the physical study of supercoiled DNA and in the development of improved vectors for gene therapy.
INTRODUCTION
Introduction of labels into long DNA molecules offers numerous applications. The development of physical techniques opens new perspectives in the study of single DNA molecules, for which detection and fixation methods are required. In non-viral gene therapy, efforts are oriented towards the development of tools to elucidate the mechanism of DNA entry into cells and its transport to the nucleus, and at new strategies aimed at improving cell targeting and intracellular trafficking of plasmids.
Various non-sequence-specific methods for DNA labeling have been reported. Labeling is usually achieved by coupling the label to a chemical moiety that forms covalent bonds with DNA. These chemicals include photoreactive azido derivatives (1-3), DNA alkylating agents (4) and intercalators like psoralen (5) and benzoquinones (6) . Such techniques have been used for the covalent attachment of supercoiled DNA to mica surfaces for atomic force microscopy (AFM) (5) and for the introduction of nuclear localization signal (NLS) peptides (1, 4) , targeting antibodies (6) and fluorescent labels (2) on plasmids. Such techniques also allow indirect plasmid functionalization by means of the streptavidin-biotin interaction (3) . The covalent adducts that are formed by all these methods are randomly positioned along the plasmid, and therefore the transcriptional activity of such plasmids can be drastically reduced, due to the presence of chemical modifications in the transcription cassette. This problem may be circumvented by ligating modified and unmodified DNA fragments (3, 4) , but such methods do not retain the original supercoiled conformation of the plasmid.
Sequence-specific targeting of double-stranded DNA can be achieved by different methods. Natural or modified DNA-binding proteins can be used, but numerous studies have led to the design of synthetic compounds which bind to double-stranded DNA with high sequence specificity, such as for example short polyamide molecules (7) , peptide nucleic acids (PNAs) (8) and triplex-forming oligonucleotides (TFOs) (9) . Such complexes are usually reversible, thereby limiting their use to conditions where they are sufficiently stable for downstream applications.
TFOs are short oligonucleotides that bind in the major groove of double-stranded DNA, thereby forming a triple helical structure. Sequence-specific recognition is achieved thanks to the formation of hydrogen bonds between bases in the third strand and purine bases in the target. Although there are specific requirements regarding the sequences that can be targeted by TFOs, the rules governing their formation are now well understood, which makes them attractive agents for sequence-specific DNA recognition (9) . These non-covalent complexes can become irreversible by using TFOs conjugated with psoralen, which can crosslink to their target upon irradiation (10) .
TFOs have been used as labels in various imaging techniques. Non-covalent interactions between a TFO and its target can been observed by direct electron microscopy (EM), using streptavidin as a marker for triplex formation (11, 12) . A TFO crosslinked to DNA by a psoralen at one end and which carried a biotin at the other end has been used as a sequencespecific label for AFM, using streptavidin-gold or streptavidinalkaline phosphatase as the protein tag (13) . Psoralen-conjugated *To whom correspondence should be addressed. Tel: +33 1 40 79 37 74; Fax: +33 1 40 79 37 05; Email: escude@mnhn.fr TFOs have also been used to attach a NLS peptide to a plasmid for gene therapy (14) .
PNAs represent an interesting alternative to TFOs for sequence-specific DNA recognition. The so-called 'PNA clamps' are capable of strand displacement and become nearly irreversibly linked to their target sequence after hybridization (15) . They have been used for the targeted introduction of various modifications on plasmids, without affecting their supercoiled conformation and their ability to be transcribed. The compounds that have been linked to plasmids include fluorescent labels (16) and other types of molecules, like proteins, peptides and oligonucleotides (17, 18) . As for TFOs, labeling using PNA clamps usually requires the insertion of appropriate oligopurine·oligopyrimidine target sequences into the plasmid. PNA clamps have also been used for the local opening of linear and closed circular double-stranded DNA, thereby allowing the attachment of a circular oligonucleotide around the displaced single-stranded DNA (19) .
We have recently described a method by which so-called padlock oligonucleotides are linked to supercoiled plasmids in an irreversible way (20) . After sequence-specific recognition of a double-stranded DNA target through triple helix formation, the ends of the TFO are hybridized to a complementary template oligonucleotide and joined by the action of T4 DNA ligase. Although no covalent bonds are formed between the plasmid and the circular oligonucleotide, the two molecules cannot be separated unless a covalent bond is broken. The use of a triplex helix-stabilizing agent allowed us to produce a padlock-modified plasmid with good yield and to modulate the interactions between the plasmid and the oligonucleotide (21) .
Here we show, using biochemical techniques, that a sequence which is present in the replication origin of phage f1, and therefore in a large number of commercial plasmids that are commonly used in research laboratories, can be used as a target to attach a biotinylated padlock oligonucleotide to supercoiled DNA. Moreover, this structure can be bound by a streptavidin molecule and observed by EM and AFM without any covalent modification of the plasmid.
MATERIALS AND METHODS

Plasmid, oligonucleotide and triple helix-specific ligand
Plasmid pGA2 was derived from pBluescript SK+ and contains a sequence that has previously been used as a target for triple helix formation (21) . A 5′-phosphorylated 59mer TFO and a 17mer template were used in the circularization experiments (see Fig. 1 for sequences) . The sequence of the so-called TRAP oligonucleotide, which forms an intramolecular triple helix and is used to remove 6-[3-(dimethylamino)propyl]amino-11-methoxybenzo[f]quino- [3,4-b] quinoxaline (BQQ) from the samples, was as follows: 5′-CTTTCCTTCTCTCCTTTTTGGAGAGAAGG-AAAGTTTTTGTTTGGTTGTGTGG-3′. All these oligonucleotides, obtained from Eurogentec (Seraing, Belgium), were ethanol precipitated and their concentration was calculated using a nearest neighbor model for absorption coefficients. Synthesis of the triplex-stabilizing agent BQQ has been described elsewhere (22) .
For 5′-phosphorylation, 300 pmol TFO were incubated in 50 µl of T4 DNA ligase buffer (50 mM Tris-HCl, 10 mM MgCl 2 , 10 mM DTT, 1 mM ATP, 25 µg/ml BSA, pH 7.8 at 25°C; NEB) with 10 U T4 PNK for 90 min at 37°C. The phosphorylated oligonucleotide was used without further purification.
Padlock formation
To assemble the padlock oligonucleotide and the plasmid, the 5′-phosphorylated TFO (400 nM) was mixed with 200 nM (4 µg in 10 µl) plasmid and 20 µM BQQ in T4 DNA ligase buffer. This mixture was heated to 75°C and slowly cooled to 37°C. Then, 600 nM 17mer oligonucleotide template and 133 U T4 DNA ligase (NEB) were added to achieve circularization of the oligonucleotide around the plasmid.
To remove BQQ from the triplex, the mixture (10 µl) was first diluted to 50 µl so that the final buffer concentration was 40 mM Tris-HCl, pH 8.0, 80 mM NaCl, 16 mM MgCl 2 , containing 5 µM TRAP oligonucleotide. The samples were heated to 80°C and then slowly cooled to 37°C. Then, 50 µl of 40 mM spermidine was added and the samples were left for 30 min at room temperature with frequent vortex mixing, in order to allow plasmid compaction. After centrifugation the pellet was washed with 200 µl of a solution containing 50% isopropanol, 10 mM MgCl 2 , 300 mM NaCl and 25 mM EDTA as previously described (21) . The plasmid was resuspended in 20 µl of Tris-EDTA buffer (10 mM Tris, pH 8.0, 1 mM EDTA). When streptavidin was needed, it was added to the sample after the heating step to a final concentration of 1.6 µM, and Triton X-100 was also added to a final concentration of 0.1%. Samples were left for 15 min at room temperature for the interaction between biotin and streptavidin to take place, before addition of spermidine.
Gel shift experiments
An aliquot of 1 µg plasmid was diluted in NEB1 buffer (10 mM Bis-Tris-propane HCl, 10 mM MgCl 2 , 1 mM dithiothreitol, pH 7.0 at 25°C; NEB) containing 2 µM BQQ. The samples were heated to 80°C and slowly cooled to 37°C. Then, 5 U KpnI, 5 U DraIII and BSA (to a final concentration of 100 µg/ml) were added to the sample. The total volume was 20 µl. Digestion was for 2 h at 37°C. Then, samples were mixed with 5 µl of 50% glycerol and loaded on non-denaturing polyacrylamide gels. The 6% polyacrylamide gel was prepared with a 29:1 acrylamide:bisacrylamide ratio. The gel and buffer contained TBM (100 mM Tris, 90 mM boric acid, 1 mM EDTA, pH 8.3, 10 mM MgCl 2 ). They were run at 4°C, then stained for 15 min with SybrGreen (Molecular Probes), washed for an additional 15 min in water and then imaged by UV transillumination.
EM and AFM
The padlock oligonucleotide was revealed using the T4-encoded single strand-binding protein gp32 (Amersham Pharmacia Biotech) or using the association between a biotin on the oligonucleotide and streptavidin (Sigma) or a streptavidin-ferritin conjugate (EY Laboratories). gp32 was added to the DNA solution at a ratio of one gp32 tetramer per 5 nt of padlock oligonucleotide, whereas the streptavidin-ferritin conjugate was added to the DNA solution at a ratio of 10 ferritin molecules per plasmid. Samples were incubated at 37°C for the desired time in 10 mM Tris-HCl, pH 7.5, 50 mM NaCl, 10 mM MgAc 2 . Complexes with gp32 or streptavidin-ferritin were then purified by gel filtration on a Superose 6B column using a Smart system (Amersham Pharmacia Biotech).
Examination of DNA by EM was performed as already described (23) . Briefly, a 5 µl aliquot of the DNA solution at a final concentration of 0.5 µg/ml was deposited on an EM grid coated with a very thin carbon film activated by glow discharge in the presence of pentylamine according to Dubochet et al. (24) . Grids were washed with a 2% aqueous uranyl acetate solution and dried. The samples were observed with a Zeiss/LEO CEM-902 electron microscope in annular dark field mode, filtering out inelastic electrons with the spectrometer in order to improve image quality. The efficiency of padlock attachment was measured as the ratio of the number of DNA molecules with bound protein to the total number of DNA molecules scored.
For AFM 20 µl of the DNA solution in a buffer containing 10 mM Tris and 5 mM Mg 2+ with or without 50 mM NaCl was deposited onto a freshly cleaved mica surface and then washed with 0.2% (w/v) aqueous uranyl acetate (25) . The observations were carried out in tapping mode in air, available with the Nanoscope IIIa (Digital Instruments-Veeco).
Series of 400 and 200 DNA molecules were scored for EM and AFM, respectively.
RESULTS
Strategy for labeling of supercoiled DNA
Our goal was to develop a versatile method for labeling supercoiled plasmids using padlock oligonucleotides. Our particular requirements were: (i) selection of a target sequence for padlock attachment that does not require the construction of new plasmids; (ii) efficient labeling of supercoiled plasmids with the padlock oligonucleotide; (iii) recognition of a tag on the padlock oligonucleotide for subsequent studies.
The first requirement was achieved by choosing an 18 bp oligopurine·oligopyrimidine target sequence located in the phage f1 replication origin (Fig. 1) . This sequence is found in a large number of commonly used plasmids, namely all the pUC family and the derived pBluescript (Stratagene), the luciferase expressing family pGL (Promega) and the 'living colors' vectors (Clontech). This sequence will be called ORI. The second requirement was met by using the previously described method for padlock formation (21) and developing a new assay for measuring the yield of the reaction. The final requirement was achieved by introducing a biotin molecule on the padlock oligonucleotide and then showing that this biotin could subsequently be bound by streptavidin. Streptavidin or streptavidin conjugates can be localized using imaging techniques such as EM and AFM and may serve as a hook for the introduction of further labels.
We designed a 59mer TFO containing a biotinylated deoxyuracil and a central sequence that can form a triple helix by binding to the ORI sequence (Fig. 1) . This triple helix is made of T.A×T and C.G×G base triplets. Our previous reports showed that such triple helices can be very stable in the presence of a triplex-stabilizing agent, BQQ (21) . Preliminary experiments carried out with a radioactively labeled oligonucleotide, as in our previous studies (20, 21) , clearly showed that the biotinylated oligonucleotide could be catenated to the pGA2 plasmid, that this event was dependent on the presence of the ORI sequence and of the triplex-stablizing agent and that the supercoiled conformation was not affected. Other plasmids containing the ORI sequence, like pBluescript SK+ (Stratagene), pEGFPC1 (Clontech) and pGL3 (Promega), could be labeled using the same oligonucleotide.
A gel shift assay for measuring the yield of padlock formation
It would be interesting to have a convenient method available to measure the yield of padlock oligonucleotide formation. In a previous study a restriction enzyme inhibition assay was used to assess this yield. This method requires that a unique restriction site overlapping the target sequence is present on the plasmid (21) . Padlock oligonucleotides are too small compared to the plasmid to produce a band shift when the modified supercoiled plasmid migrates in an agarose gel. We thus decided to investigate whether the circular oligonucleotide could produce a band shift with a short restriction fragment cleaved from the plasmid.
In order to achieve quantitative padlock formation on a plasmid, the 5′-phosphorylated TFO was added in excess to the pGA2 plasmid in the presence of the triple helix-specific ligand BQQ. Padlock formation was achieved by hybridizing the 3′-and 5′-ends of the TFO to a 17mer template oligonucleotide and then adding T4 DNA ligase and incubating at 37°C for 1 h. The mixture had to be heated and slowly cooled to allow triple helix formation and template hybridization in a pre-circularization complex, before addition of the ligase.
A double digestion with DraIII and KpnI, the sites for which are located 122 and 292 bp from the target site, respectively, one on each side, should yield two restriction fragments of 432 and 2592 bp, the smaller one containing the target site. The BQQ concentration used for padlock formation (20 µM) was shown to inhibit digestion by some restriction enzymes, therefore we first removed BQQ from the samples using selective precipitation of the plasmid in the presence of a TRAP oligonucleotide, which can form a 14 base triplet intramolecular triple helix and therefore is capable of binding the BQQ present in the solution (21) . After double digestion, analysis of the samples by native PAGE showed two bands (I and II) corresponding to the expected fragments (Fig. 2, lane 1) .When the same treatment was applied to the plasmid modified with the padlock oligonucleotide, only a very faint band (band III) was observed above the smaller fragment (band II). As the triple helix is known to be stable only in the presence of BQQ, this experiment showed that the padlock oligonucleotide was probably released from the restriction fragment before or during electrophoresis. Therefore, we decided to add 2 µM BQQ to the samples before digestion with the restriction enzymes. This concentration did not inhibit digestion and a clear band shift could then be observed for band II, whereas the mobility of band I was unaffected (Fig. 2, lane 4) . This band shift was not observed in the absence of the padlock oligonucleotide (Fig. 2, lane 2 ) and when the oligonucleotide had not been circularized or had been circularized before addition of the plasmid (data not shown). This band shift is thus due to the presence of the padlock oligonucleotide wrapped around the DNA fragment, thus forming a pseudo-rotaxane structure. More than 60% of the fragment was shifted, showing that at least 60% of the plasmids were carrying a padlock oligonucleotide at the expected site. Using the pGL3 plasmid (Promega), a similar band shift could be observed on a XmnI-DraIII fragment (552 bp) on which the same target sequence was found (not shown).
Streptavidin can bind to the biotinylated padlock oligonucleotide
A biotin moiety was introduced on the TFO as a biotinylated deoxyuracil located between the 18 nt triplex-forming sequence and the region which is hybridized to the template oligonucleotide used for the ligation reaction (Fig. 1) . We investigated whether this biotin was accessible for binding by an exogenous streptavidin molecule. When streptavidin was added to the pGA2 plasmid to which the biotinylated oligonucleotide had been catenated, no shift could be observed when the plasmid migrated in an agarose gel. This was likely due to the small size of streptavidin (∼60 kDa) compared with that of the plasmid (∼2 × 10 3 kDa). Therefore, we decided to use the gel shift assay described above to check streptavidin binding. When streptavidin was added to the padlock-modified plasmid before the purification step, the band shift induced by the presence of the biotinylated oligonucleotide was much more significant (Fig. 3, lane 4) . This supershift was not observed in the absence of the padlock oligonucleotide (lane 2) or when a non-biotinylated oligonucleotide was used (lane 6). A last experiment was done by mixing equal amounts of a plasmid catenated to a non-biotinylated oligonucleotide and purified in the presence of streptavidin (as in lane 6) and of a plasmid catenated to a biotinylated padlock oligonucleotide (as in lane 2). After digestion, no shift was observed (lane 7), indicating that streptavidin did not co-purify with the plasmid during the purification procedure. These experiments demonstrate that streptavidin could bind quantitatively to a biotinylated padlock oligonucleotide catenated to a supercoiled plasmid.
Visualization of the padlock oligonucleotide by EM and AFM
EM and AFM were used to visualize the complex formed by the padlock oligonucleotide with the supercoiled pGA2 plasmid. Single-stranded oligonucleotides are known to be 2) of an excess of 5′-phosphorylated TFO to allow for padlock formation, as described in Materials and Methods. After purification by spermidine precipitation, samples were heated in the presence (lanes 2 and 4) or absence (lanes 1 and 3) of 2 µM BQQ and digested with DraIII and KpnI to produce a short restriction fragment containing the ORI sequence. Samples were then loaded on a 6% native polyacrylamide gel containing 10 mM MgCl 2 , stained with SybrGreen I and imaged with a camera. I and II refer to the restriction fragments of 2592 and 432 bp, respectively. III corresponds to fragment II shifted by the presence of a catenated padlock oligonucleotide. -7) a biotinylated uridine was catenated to the pGA2 plasmid. Samples 2, 4, 6 and 7 were incubated in the presence of streptavidin before spermidine purification, as described in Materials and Methods. Samples were then incubated in the presence of 2 µM BQQ and digested with DraIII and KpnI, analyzed on a 6% native polyacrylamide gel containing 10 mM MgCl 2 and revealed by SybrGreen I staining. In lane 7, a plasmid catenated to a non-biotinylated padlock was incubated in the presence of streptavidin and purified by spermidine compaction, then an equal amount of plasmid catenated to a biotinylated oligonucleotide was added to the sample before digestion. Bands I, II and III are described in the legend to Figure 2 . IV corresponds to fragment II shifted by the presence of a biotinylated padlock oligonucleotide linked to streptavidin. difficult to observe by EM. Therefore, we first used the properties of the T4-encoded single strand-binding protein gp32 to coat the padlock oligonucleotide and thus visualize it (Fig. 4a) . gp32 binds DNA in tetrameric form, covering~8 nt. Therefore, only a few gp32 molecules were present on the padlock oligonucleotide, which makes identification difficult. We have shown that streptavidin can bind to the padlock oligonucleotide, but streptavidin alone cannot be detected by EM without shadowing. Therefore, we investigated whether a streptavidinferritin conjugate might provide a better label for the padlock oligonucleotide. Figure 4b shows that the streptavidin-ferritin conjugate provides a very strong signal. In both EM views the supercoiled conformation of the plasmid can be clearly observed.
AFM is another powerful technique for the observation of individual DNA molecules and their interactions with proteins. Moreover, AFM offers the opportunity to directly visualize non-modified streptavidin molecules (25) . The structure and dynamics of supercoiled DNA is dramatically affected by variations in ionic strength (26, 27) . In water and at very low ionic strength supercoiled DNA molecules exhibit a toroidal form, whereas in high concentration salt solutions plectonemic superhelices are formed in which superhelical loops are separated by regions of close helix-helix contacts. Such conditions make the identification of streptavidin linked to supercoiled DNA a tricky task. However, we were able to distinguish streptavidin on supercoiled plasmids both at high (Fig. 4c) and low  (Fig. 4d) ionic strength.
Quantitative interpretations of the results were conducted for all these labeling strategies and imaging techniques. In all cases, at least 60% of the plasmids carried a marker and no plasmid with two markers was observed. Therefore, the efficiency of padlock attachment is at least 60%, a value similar to that observed by the gel shift assay after catenation under identical conditions.
DISCUSSION
The purpose of this study was to show that padlock oligonucleotides could be used as a tool to label supercoiled DNA. We previously reported padlock formation on two different oligopurine·oligopyrimidine sequences (20, 21) . A third sequence was used in the present study. It was chosen because it is located within the replication origin of phage f1 and, therefore, is present in a large number of commonly used plasmids. The padlock-forming oligonucleotide was designed so that the triplex-forming region contains G and T. Such oligonucleotides can form very stable triple helices only in the presence of a triplex-stabilizing agent (21, 28) . This oligonucleotide was shown to be efficiently catenated to various plasmids containing the target sequence.
A simple gel shift assay was developed to measure the labeling yield. The padlock oligonucleotide induced a band shift on a restriction fragment containing the target sequence. This shift was observed only in the presence of BQQ, confirming that the triplex was not stable in the absence of such a ligand. This assay allowed us to quantitatively measure the extent of plasmid modification. For the ORI sequence, the percentage band shift was between 60 and 70%. For the sequence described in our previous report (21) , the same assay gave a yield of 90%, similar to the yield given by another method using restriction enzyme cleavage inhibition. The stability of the triplex formed on the ORI sequence may be slightly lower than for the formerly used sequence, which could result in a lower efficiency of triplex formation during the circularization step or on dissociation of the triple helix during electrophoresis. The yield did not improve when higher concentrations of TFOs were used for padlock formation or when the electrophoresis conditions were changed. However, yields seemed to differ using different batches of oligonucleotide, suggesting that oligonucleotide quality may be an important factor. The fraction of shorter sequences increases with oligonucleotide length, as does the difficulty of purifying the full-length product from the shorter ones. Such shorter products may be able to form a triple helix but be unable to circularize due to a missing terminal nucleotide, thus lowering the effective catenation yield. Higher yields may be obtained by improving the synthesis and purification of oligonucleotides, by using PCR-generated padlock oligonucleotides (29) or, in contrast, shorter oligonucleotides. Preliminary experiments suggest that it is possible to assemble padlock oligonucleotides that contain <40 nt.
Using the pGA2 plasmid, no shift could be observed when various restriction fragments which did not contain the target sequence were generated and EM never showed evidence of plasmids containing two tags. Therefore, the attachment of padlock oligonucleotides by our method is very specific for the triplex-forming sequence.
Although the catenated structure is very tightly packed, streptavidin can bind quantitatively to biotin on the padlock oligonucleotide. The purification procedure was very efficient at removing free or non-specifically bound streptavidin from plasmid-containing samples. Biomolecular interactions between biotin and streptavidin provide a versatile tool for DNA functionalization. Both EM and AFM were used to detect the padlock oligonucleotide, using single strand-binding proteins or various streptavidin derivatives as markers. Whereas a streptavidin-ferritin conjugate was necessary to provide a strong signal for detection by EM, unmodified streptavidin was sufficient for AFM. As the padlock oligonucleotide remains irreversibly linked to the supercoiled plasmid, a wide range of experimental conditions can be used.
Padlock oligonucleotides may be used as convenient tools for the introduction of chemical modifications on plasmids. Compounds may be attached directly to the TFO or indirectly using biotinylated TFOs and streptavidin as a 'bridge'. Streptavidin may be directly modified or used for the attachment of various biotinylated 'modulator' components (30) . Modified supercoiled plasmids may also find applications in non-viral gene therapy. Peptides or various types of proteins, such as for example asialoglycoproteins (3), transferrin (31) and antibodies (32) , may be linked to plasmids using our method. Biotinylated supercoiled plasmids may also be attached to streptavidincoated surfaces for single molecule studies (33) .
In previously described methods, for example using PNAs or psoralen-conjugated TFOs, the label is bound to a specific site on the DNA. In contrast, the padlock oligonucleotide described here may slide along the double helix after site-specific formation. We have already reported that the triple helix is not stable upon removal of the triplex-binding agent (21) . Preliminary experiments have shown that in the presence of BQQ, T3 RNA polymerase is stopped by the padlock oligonucleotide at the site of triple helix formation, leading to a short transcript, but polymerization is not arrested in the absence of BQQ. The padlock oligonucleotide may also be displaced by proteins that translocate along double-stranded DNA (34) . Therefore, the padlock oligonucleotide may be an interesting tool for the study of protein movement and may be used as a probe to observe their 1-dimentional motion.
For some applications it might be necessary to avoid the use of triplex-stabilizing agents and/or enzymes for the circularization reaction. Using a chemical ligation process (35) , an oligonucleotide can be circularized at acidic pH, thereby allowing the use of pyrimidine-containing TFOs (T.Roulon et al., manuscript in preparation).
In conclusion, the labeling strategy described in this paper represents a versatile strategy for supercoiled plasmid labeling which constitutes an interesting alternative to previously described methods. It can be applied to a wide range of commercially available plasmids. The label is irreversibly linked to the plasmid even though there is no covalent bond between the label and the plasmid and it may slide along the double-stranded DNA. Potential applications in single molecule studies and gene therapy remain to be investigated.
